The research work presented herein deals with the analysis of light-frame wood (LFW) buildings under lateral seismic loading. The paper aim was to define the relationship between the global building ductility and the local ductility of the components via nonlinear static analyses. Firstly, the different failure mechanisms were isolated and their influence over the building ductility was determined by focusing on single-storey buildings. Then, the study was extended to multi-storey buildings in order to evaluate how the number of storeys affects the ductility. In order to obtain results of general validity, the analyses were performed by varying the most relevant mechanical-geometrical parameters as well as the seismic input and the ductility of the base components.
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Introduction and objectives
A long tradition of using timber for constructions is present in many areas of the World, such as (but not limited to) Northern European Countries and North America. Till not long ago, timber structures were mostly employed for small-size residential houses that were built relying more on carpenters' expertise than engineers' calculations. Nowadays, the use of timber in construction has gained significant quota of the market also in areas traditionally covered by other materials (e.g. masonry and concrete), especially in the earthquake prone regions of Southern Europe (e.g. Italy) where low-rise and mid-rise buildings are being built more and more often with timber. Reasons for the growing success of timber as a structural material can be found in the renewed attention to aspects like sustainability, energy-consumption and environment preservation, and in the good performance shown by timber buildings when subjected to ground shaking (Ceccotti et al. 2013; Leung et al. 2010; Fragiacomo et al. 2012) .
With specific attention to the light-frame wood (LFW) structures, in the past 15-20 years extensive experimental programmes have investigated the hysteretic behaviour of LFW wall systems and full-scale buildings, demonstrating their adequate performance in case of seismic event thanks to the limited weight and the high ductility and energy dissipation ensured by the mechanical connections (i.e. sheathing-to-framing connections and wall-tofoundation connections).
One of the first examples of comprehensive research projects aimed at studying the dynamic properties and seismic performance of the LFW technology is represented by the CUREE Project (Filiatrault et al. 2000 (Filiatrault et al. , 2001 Gatto and Uang 2002) , where extensive testing on LFW structures (including shake-table testing of full-scale buildings) was performed. Shake-table tests on two-story and six-story LFW buildings were also carried out within the NEESWood project, devoted to the development of a performance-based seismic design (PBDS) approach and to the safety and mitigation of damage to low-rise wood-based buildings in the seismic zones of the USA ( Van de Lindt et al. 2008 Filiatrault et al. 2009 ). In Europe, a significant contribution to the understanding of the seismic response of LFW systems was given by the research carried out by several research institutes. At the University of Trento (Italy), the performance of typical connections and wall-systems was investigated by means of quasi-static cyclic tests, (Sartori and Tomasi 2013) , and shake-table tests on three 3-storey full-scale buildings, Tomasi et al. (2015) . Experimental testing on typical European LFW wall-systems with different layouts was also performed at University of Kassel, Germany. Specific attention was given to the LFW wall sheathed by using Oriented Strand Boards (OSB) and Gypsum Fiber Boards (GFB) (Seim et al. 2014 (Seim et al. , 2015 . Experimental evidence is also available from studies carried out in France by Verdret et al. (2015) and Boudaud et al. (2015) .
Despite the numerous steps forward towards the understanding of the behaviour LFW structures produced by the above mentioned research efforts, detailed provisions for the seismic design of LFW structures have not yet been included in the standard documents (such as Eurocode 8, EN 1998 -1:2013 especially concerning aspects related to capacity-based design. However, since 2015 a revision process of Eurocode 8-Sect. 8 has been undertaken by Working Group 3 of CEN/TC250/SC8 European committee (Follesa et al. 2016) .
This paper represents the last effort of a research project aimed at developing analytical methods of analysis of LFW shear-walls subjected to seismic loads. If in the first part of the research, the study was mainly focused on developing a simplified mechanical model (SSM) for the elastic behaviour of a LFW shear-wall and an iterative procedure for the Response Spectrum Seismic Analysis of LFW buildings (see Casagrande et al. 2016a; Rossi et al. 2016) , the work presented herein deals with the characterization of the nonlinear behaviour of LFW multi-storey shear-wall systems via numerical parametric study.
Based on an extension of the SSM model to the non-linear behaviour of LFW multistorey systems, the main objectives of the study are:
(1) to establish a correlation between base-components (local) ductility and building (global) ductility in order to determine the dependency of the global response on the deformation-capacity of the mechanical connections adopted as dissipative components in LFW structures; (2) to propose a new range of values for the behaviour factor q to be used in the seismic design practice (the contribution to q due to ductility capacity is distinguished from the contribution due to structure over-strength).
A large number of case-studies was selected for conducting a numerical parametric study by considering the relevant parameters influencing the seismic response of LFW buildings. The results obtained from finite element (FE) models developed by using the software SAP2000, CSI (2014), were complemented with outcomes from a Matlab, MathWorks (2013), program (which performs non-linear incremental static analyses based on a stiffness adaptation procedure) specially developed for this study.
Mechanical model of a single-storey timber shear-wall
The mechanical model used to characterize the non-linear behaviour of LFW shear-wall systems is based on an extension of the simplified mechanical model (SMM) presented in Casagrande et al. (2016a) to describe the linear elastic behaviour of a single-storey LFW shear-wall. This model takes into account four main deformation contributions of a LFW shear-wall, namely the sheathing-to-framing connection, the rigid body rotation, the rigidbody translation and the deformation of the sheathing panel. Other contributions, like for example those related to frame deformation, overall bending and compression perpendicular to the grain, could be taken into account. However, such contributions appear to be negligible for the wall typologies that are most commonly used in southern Europe.
A LFW shear-wall subjected to a horizontal force F and a uniformly distributed vertical load q v , is represented by a rectangular frame with pinned corners, braced by a horizontal spring representing the sheathing panels and their connection system (i.e. sheathing-toframing connection, SHc). The frame is connected to the ground by two springs representing the hold-down and the angle brackets (or screws) adopted to prevent the rocking and sliding of the wall, respectively. In the SSM model, the mechanical anchors are considered effective in resisting single force components, i.e. hold-downs resist only to tension forces and angle brackets resist only to shear forces. Consequently, the tensile stiffness of the angle brackets and the shear stiffness of the hold-downs are assumed negligible. More advanced models capable of considering the tension-shear coupling effect of mechanical anchors have been proposed for CLT structures by researchers (e.g. . However, it is the authors' opinion that this aspect is not crucial to LFW systems, where the deformability and the dissipative capacity are mainly determined by the sheathing-to-framing connection.
The SSM model can also be used to predict the non-linear behaviour of a single-storey LFW shear wall by assuming a non-linear force-vs-displacement relationship for each deformation contribution. As an example, Casagrande et al. (2016b) considered an elastic-perfectly plastic constitutive curve to establish an analytical correlation between the local properties (i.e. strength, stiffness and ductility) of each component (i.e. sheathing-to-framing connection, hold-down and angle brackets) and the mechanical properties of a LFW shear-wall.
The choice of idealized elastic-perfectly plastic behaviour of the springs representing the different deformation contributions was adopted in order to simplify the analytical procedure and reduce the computational effort in the parametric study, where a large number of case-studies was analysed. More advanced constitutive laws that could reproduce the experimental behaviour of the connections more closely (such as laws including workhardening or multi-linear post-yield response), may be considered as well.
Despite acknowledging the fact that the elastic-perfectly plastic behaviour cannot be regarded as the most accurate model to describe the non-linear behaviour of timber connections and shear-walls with highly pinched hysteretic behaviour, preference was given to this approach as it provides a simple yet reliable method of analysis as reflected by the several studies available in literature where the elastic perfectly plastic behaviour has been adopted to determine the ductility of timber structural systems.
For example, Seim et al. (2015) and Kobayashi and Yasumura (2011) adopted the equivalent energy elastic-plastic (EEEP) method to determine the yield displacement and the ductility for LFW shear-walls subjected to lateral loads. Pozza et al. (2015) used the same approach to derive the ductility of CLT shear-walls from full-scale cyclic tests in order to estimate the behaviour factors of CLT wall systems. Jorissen and Fragiacomo (2011) affirmed that the EEEP method proposed by Foliente (1996) is a valuable method for determining the ductility of timber connections. Other international standard documents such as ASTM E2126 (2018) recommend using the EEEP method in the analysis process for defining the ductility of lateral-force resisting systems. In ASTM E2126 (2018), the ultimate displacement is commonly determined by considering a reduction of the experimental force capacity after the peak load equal to 20%, whereas the yield displacement is defined as the intersection between the line representing the initial stiffness (secant value determined at 40% of the peak load) and the horizontal line representing the yield load. The yield load and displacement are obtained so that the area under the load-displacement curve between the origin and the ultimate point is the same for both the envelope curve and the EEEP curves.
Non-linear analysis of single-storey buildings
This section investigates the non-linear behaviour of single-storey buildings comprising several walls. Prior to the analysis of buildings with complex wall-layouts, the response of two walls coupled together (i.e. the displacement compatibility condition is imposed) was studied and reported herein. A parametric study was undertaken in order to understand how the two walls interact with each other. In the second part of the chapter, single-storey buildings are analysed with particular focus on the failure mechanisms which are responsible for different ductility levels. A large set of buildings was analysed thanks to a Matlab program specifically developed for performing incremental static analysis.
Coupled shear-walls
From the rheological point of view, coupled shear walls can be regarded as systems of springs working in parallel. As explained in Rossi et al. (2016) , the condition that permits to model coupled walls by springs working in parallel, is the presence of a rigid floor diaphragm that forces the elements to have the same displacement. This assumption (of in-plane rigid diaphragm) can be considered valid only in the case of blocked diaphragms, which are typically used in the seismic regions.
While for a single wall the yield point is reached when the weakest component (i.e. sheathingto-framing connection, hold-down or angle bracket) yields, for coupled wall systems the yield point is determined by the component with the smallest displacement at yield, even if it is not the weakest. This is because the walls are forced to undergo the same displacement and the external load is distributed among the walls proportionally to their stiffness. Consequently, while a single isolate wall cannot carry any extra load once the yield point is reached, coupled-wall systems exhibit "over-strength". Systems comprised of coupled walls, display different yield conditions and failure mechanisms as the strength, the stiffness and the ductility of the walls vary.
A system of two walls labelled Wall A and Wall B is considered. The non-linear behaviour of each wall is described by an ideal elasto-perfectly plastic behaviour characterized by stiffness K j , strength F j , yield displacement Δ Y,j and ultimate displacement Δ U,j , with j equal to either A or B.
It is assumed that Wall A is stronger and stiffer than Wall B and the following inequalities are valid:
The dimensionless parameters f and k can hence be defined as follows:
In this study, the ductility of the two-wall system sys is considered as the ratio between the ultimate displacement of the system and the displacement related to the shear-wall that first yields, whereas the over-strength ratio (OSR) is defined as the ratio between the ultimate force F U,sys and the yield force F Y,sys of the system:
It is important to highlight the fact that, since an ideal elastic-perfectly plastic behaviour (no softening is admitted) of the wall is assumed, the ultimate force F U,sys corresponds to the maximum force of the system.
Under such assumptions, it is possible to identify two case scenarios: Case 1 when the yield displacement of the spring representing Wall A is lower than that of the spring representing Wall B , namely:
Cases 2 when the yield displacement of the spring representing Wall A is bigger than that of Wall B : Three sub-cases can then be identified for each one of the previous cases according to the following relations:
The six cases introduced can be analysed in detail. Case 1-I is characterized by the ultimate displacements of Wall A being smaller than the ultimate displacement of Wall B but larger than the yield displacement Δ Y,B as reported in Eq. (8) I. By substituting Eqs. (2) and (3) In this case the displacement capacity of system is governed by Wall B , because the ductility of the whole system is equal or higher than B (see Fig. 1b ) as reported in Eq. (14):
The system over-strength is equal to that one of the previous case:
In Case 1-III the ultimate displacement of Wall A is smaller than the yield displacement of Wall B (see Fig. 1c ). By substituting Eq. (2) whereas OSR can be calculated as:
The ductility of the systems is equal to the ductility of the Wall A ∶ Case 2-I is described by the following expressions:
From Fig. 1d , it can be easily understood that Case 2-I is the same as Case 1-I, but with the walls having reversed roles. Therefore, the system ductility matches the ductility of Wall B SYS = B , whereas Wall A contributes to the system behaviour only in terms of overstrength ratio, which is given by the following expression:
In Case 2-II the ultimate displacement of Wall B is larger than that of Wall A , so that:
Similarly to Case 1-II, both walls contribute to define the system ductility:
whereas the over-strength ratio is the same as that of the previous case (see Fig. 1e ).
In Case 2-III (see Fig. 1f ), the ultimate displacement of Wall B is smaller than the yield displacement of Wall A , resulting in:
The system ductility corresponds to the ductility of SYS = B , while the over-strength ratio is given by:
From the analyses of the six presented cases, it is interesting to highlight the fact that the ductility of the system is always greater or equal to smallest ductility between Wall A and Wall B . Hence, it is possible to write:
Non-linear analysis of a one-storey case-study building
As highlighted in the previous section, the mechanical parameters of each wall influence the non-linear behaviour of the system. Extending the analysis to full-scale buildings (instead of two-wall buildings) involves dealing with a large number of cases. A Matlab (Mathworks 2013) code was developed to perform incremental static analyses and facilitate the parametric study.
The building analysed is a one storey single-family house characterized by structural simplicity as well as plan regularity, which allow to neglect the torsional effects on the force distribution. As previously explained, the floor diaphragm was regarded as rigid.
The building is approximately square in plan, measuring 11.46 m by 9.52 m. Figure 2 shows the plan of the building where the shear-walls are marked out by diagonal hatching lines; the other walls are considered as partition-walls and are not accounted for in seismic resistance.
Several studies in last 15 years have investigated the seismic behaviour of non-structural components such as gypsum partition-walls. Kanvinde and Deierlein (2006) have investigated the role of drywall partitions (either explicitly designed as part of the seismic force resisting system or not) and have proposed analytical models to determine the lateral shear strength and initial elastic stiffness of wood-framed gypsum wall panels. An extensive experimental campaign on gypsum wallboard partition walls with wood-stud framing has been carried out by McMullin and Merrick (2007) .
Further analyses will be carried out in the next steps of research to evaluate the influence of partition walls on the global ductility and stiffness of the a LFW buildings and on the behaviour q-factor. However, in this work, it is assumed that, according to EN 1998 EN -1:2013 EN (2013 , the partition walls are secondary seismic members, so that their strength and stiffness against seismic actions can be neglected.
A dead and live load for the floors equal to 3.5 k N/m 2 and 2 k N/m 2 was considered in the analyses.
The buildings analysed were designed adopting average values of the elastic response spectrum S E (T) = 0.55g and a behaviour factor q = 3.5 . The shear-walls were designed in accordance with the provisions from EN 1995 -1-1:2005 (2005 ) and EN 1998 -1:2013 .
In order to determine how the hold-down ductility and nail ductility influence the global ductility, multiple analyses with varied hold-down/nail properties were performed (36 different cases). The following values of ductility were selected for the sheathing-to-framing connection (i.e. nails or staples):
while the following values of ductility and strength (in [ kN ]) were adopted for the hold-downs:
The ductility values used for the analyses were derived from the results of experimental testing reported in literature (Sartori and Tomasi 2013; Seim et al. 2015) , where was shown 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6] (27) HD ∈ [1.5, 2, 2.5, 3] (28) R k,HD ∈ [10, 18, 26, 34] that the ductility of hold-downs currently available on the market is significantly smaller than the ductility of the sheathing-to-framing connections.
As concerns the strength of SHc, all the fastener types commonly employed are characterized by almost identical capacity; for this reason the SHc strength was assumed as constant (characteristic resistance R SHc = 1kN ). Tables 1 and 2 give representative results of the building analyses in the X direction for the case scenarios where the hold-down capacity (HDC) is equal to 10 and 18 KN. For HDC = 10 kN , the failure is always governed by the hold-down and consequently the SHc ductility does not influence the building ductility (as long as SHc > HD ) which in no case exceeded 1.80. If multiple component-types are beyond their elastic limit when failure occurs, the failure mechanism can be described as "hybrid".
When hold-downs with a strength of 18 kN are selected, the failure mechanism is influenced by the sheathing-to-framing connection of wall X2. The building ductility becomes dependent on the ductility of the SHc connection (Table 2 ). Further increase of the hold down capacity does not change either the failure mechanisms or the building ductility. As concerns the over-strength ratio, a constant value of 1.09 was observed, consistently with the condition of HDC = 10 kN where OSR = 1.07 . Such small OSR values are related to the limited displacement range associated with the building yield and failure, due to the walls having similar length and identical mechanical properties. Since an approximately linear correlation can be observed between the wall strength/stiffness and the wall length, Fig. 2 Building plan view the yielding displacement of every wall is approximately the same and tends to be achieved at the same value (since no high torsional effects are present) of building lateral displacement, as shown in Fig. 3 where the capacity curves of the building in Y-direction and the shear-walls for values of SHc = 6 and HD = 1.5 in Y-direction are plotted.
Analyses were also conducted on two additional full-scale buildings. The results were fully consistent with the results from Building1 and consequently their detailed description is omitted.
Influence of the hold-down capacity on the global ductility of the building
In order to better identify the role played by the hold-down capacity in determining the building ductility, a parametric study was performed by varying the hold-down capacity (HDC) from 1 to 70 kN . Obviously, in case of hold-downs with little capacity, a larger number of connector devices is required to satisfy the design provisions for rocking. The results obtained from this study (630 different cases) are shown in Fig. 4 .
It can be noted that for HDC values smaller than 13 kN ("weak" hold-downs), the global ductility of the building is smaller than 1.5 and is not dependent on the sheathing-to-framing connection's ductility, as the building failure is caused by the hold-down failure. By contrast, for values of HDC higher than 26 kN the global ductility increases significantly because the component type responsible for the building failure shifts from the holddown to the sheathing-to-framing connection.
It is worth noting that for cases with HDC values of 14 and 15 kN the failure mechanism of the building is also determined by the nail failure and consequently the building ductility is comparable to that obtained with HDC values > 26 kN . This occurs because for such cases the ratio between the total connection capacity and the minimum capacity required from the design is bigger for the hold-down than it is for the sheathing-to-framing connection. By controlling the capacity ratio between the different base-components (i.e. by adopting a capacity design) a ductile failure mode can be ensured.
Non-linear analysis of a set of randomly generated buildings
To assess the influence of the building geometry (i.e. dimension and number of shear walls) over the failure mechanism and the global ductility, a large set of randomly-generated buildings was studied (19200 different buildings). The building set was defined by the permutation of the following parameters within a range of values representative of LFW single-storey buildings:
where: Area is the plan size; L walls is the length of the wall; L tri is the tributary length; R d,HD is the strength of the hold-down; N walls is the number of walls. Figure 5 shows the ductility values exhibited by the buildings analysed herein, in relation to the number of shear walls and the hold-down capacity. The ductility selected for the hold-downs and the SH connections was equal to 1.5 and 6.0 respectively. The data are grouped into two "bands of ductility": an upper band related to ductile mechanisms (i.e. failure of the sheathing-to-framing connection) and a lower band related to brittle mechanisms (i.e. failure of the hold-downs and hybrid failures). It should be highlighted that the graph points located in the lower band are mainly associated to hold-downs characterized by low strength, in agreement with what shown in Sect. 3.3. Figure 6 shows a slight increase in ductility of the lower band when the HD ductility changes from 1.5 to 3.
The analysis of the data evidenced that the building ductility can be quite different. As shown in Figs. 5 and 6, it is worth also noting that the limit values (maximum and minimum) registered for the building ductility did not significantly depend on the number of shear-walls. The parameter that instead proved to have the greatest influence over the global ductility was the ductility of the base component involved in the failure mechanism.
Non-linear behaviour of buildings designed according to the capacity-design approach
From the previous sections, the need to adopt a capacity design (CD) approach thus ensuring that ductile failure mechanisms (i.e. failure of the sheathing-to-framing connections) are activated, appears as evident. The current version of EN 1998 EN -1:2013 EN (2013 already recommends a capacity design approach but extremely few details about its application are provided. A general overview on the CD of timber structures can be found in Jorissen and Fragiacomo (2011) , whereas the capacity design of traditional and innovative ductile connections for earthquake-resistant CLT structures is discussed in Izzi et al. (2016) and Trutalli et al. (2019) . A proposal for the CD of LFW and CLT structures at the wall-and building-level has been presented by Casagrande et al. (2019) . According to Casagrande et al. (2014) , the capacity design approach can be applied to single-storey buildings, so that the weakest component of each wall is represented by the sheathing-to-framing connection, while the angle brackets and the hold-downs are designed to behave elastically. The case-study set previously presented was modified so that the buildings comply with the capacity design approach just mentioned. Differently from the previous cases, all the buildings, see Fig. 7 , exhibited a ductile failure mechanism. In fact, all the results are grouped in the upper high-ductility band.
Non-linear behaviour of multi-storey shear-walls
The analysis of single-storey light-frame buildings put into evidence two fundamental and correlated aspects: (1) it is preferable that the building collapse-mechanism is associated with the failure of the sheathing to framing connection; (2) a capacity design approach needs to be adopted in order to ensure that the desired collapse mechanism is activated. It is worth reminding that a multi-story shear wall is a statically determinate system, unless two or more wall-panels located at the same storey level are coupled together to create a statically indeterminate system. Therefore, as soon as one of the base components (characterized by an elastic-perfectly plastic constitutive law) yields, the wall reaches its maximum capacity and cannot withstand any load increase. For a detailed discussion of the elastic behavior, (see Rossi et al. 2016 ). Figure 8 shows a multi-storey shear wall loaded by a horizontal force F located at the top floor level. In the hypothetical case that only the sheathing-to-framing connections exhibit deformation (the other base components are considered infinitely rigid), the magnitude of the wall inelastic displacement does not depend on which storey the yielding occurs in and it is equal to the inelastic displacement of the spring reproducing the sheathing-to-framing connection. It is worth noting that, when the same spacing for sheathing-to-framing connections is adopted for all the stories, the failure mechanism of the wall at the ground floor is predominant, due to the larger over-strength in the upper stories resulting from limited design variations and uniform lateral stiffness and strength distributions over the height of the building. On the contrary, if the only deformation contribution is that from the hold-downs, the wall inelastic displacement increases with the height because of the rigid body rotation. It is important to note that for both cases the global ductility is not affected by which storey is the first to exceed the elastic limit, but it is only related to the local ductility of the yielded base component.
Ductility of multi-storey shear-walls
Consequently, the following remark can be drawn: the ductility of a multi-storey shearwall decreases as its height increases (i.e. the number of storeys increases) and its stiffness decreases. This depends on two key aspects: (1) the displacement of the top floor is taken as reference-displacement for the whole system; (2) the top-floor absolute displacement is the result of the deformation of all the base components, the number of which increases with the number of storeys. To prove such remark, the multi-storey shear wall shown in Fig. 9 is considered. The wall is composed by m wall panels and loaded by a force F located at the top. The geometrical/ mechanical properties of the wall panels are so that the wall at the base is the first to yield:
The displacement of the reference point (top floor level) at yield Δ Y is given by the sum of the displacement contributions from the lower walls:
where m is the number of storeys and is a parameter (≤ 1) which accounts for the fact that the wall panels have different deformation. The ultimate displacement Δ U is equal to: where Δ P is the plastic displacement of the multi-storey wall, which is equal to the plastic displacement of the yielded wall:
Being the yield and ultimate displacements known, it is possible to evaluate the ductility: Fig. 9 Elastic and inelastic displacement of a single multi-storey shear wall 1 3
by substituting Eqs. (34) and (36) in Eq. (37), it is possible to obtain:
where PW is the ductility of the yielded wall panel. As previously stated, it appears evident that the ductility of the wall is inversely proportional to the number of storeys. In order to reduce the loss of ductility that occurs when passing from the single wall panel to the multi-storey system, it is necessary to force the simultaneous yielding of multiple storeys. In fact, if it was assumed that all the wall panels in a multi-storey cantilever wall yield at the same time ( = 1 ), see Fig. 10 , the ductility of the whole system would match the ductility of the single wall panel. By rewriting Eq. (38) it is possible to obtain:
Non-linear behaviour of multi-storey buildings
The analyses presented in this section were aimed at determining the ductility-levels and the OSR values that characterize LFT multi-storey buildings. As in the previous case, the ductility-level Sys was obtained as the ratio between the ultimate displacement and the displacement where the first wall yields, whereas the OSR is defines as the ratio between the ultimate load and the load corresponding to the yielding of the first wall.
In order to obtain reliable results which can be generalized and extended, a large set of full scale buildings was considered. A non-linear static procedure that updates the Fig. 10 Elastic and inelastic displacement of a multi-storey shear wall stiffness matrix at every step was employed to capture nonlinearities due to the component constitutive behaviour and the effect of the vertical load on the wall rocking behaviour, Rossi et al. (2016) . The four geometry layouts visible in Fig. 11 were used for creating the case-studies by varying the number of storeys from two to four. The layouts are approximately symmetric in plan in order to limit possible torsional effects. The building geometry details are shown in Table 3 . Four seismicity levels (with peak ground acceleration a g = 0.05 g, 0.15 g, 0.20 g, 0.25 g ) and three values of the behaviour factor ( q = 2.0, 3.0, 4.0 ) were considered during the design phase. The Capacity Design approach presented in Casagrande et al. (2014) was adopted. Different values of the SHc ductility ( Shc = 4, 6, 8, 10, 12, 14 ) and an over-strength factor rd equal to 1.6 were selected, for a total of 3456 analyses. Table 4 shows the global building ductility (System ductility) for different values of the sheathing-to-framing ductility. It seems evident that the global ductility decreases when the number of storeys increases, with a more pronounced tendency for the cases with higher values of the SHc ductility.
It can be noted that the ductility results related to nails with high-ductility are more scattered. The OSR was determined for each one of the analysed cases. The results are briefly shown in Table 5 and it is possible to state that the values of OSR are less scattered than the ductility values previously presented. Unlike the global ductility values, the OSR values generally increase with the number of storeys. It is also worth noting that the OSR values do not depend on the SHc ductility.
Estimation of the behaviour q-factor
This section presents the values of the behaviour q-factor associated to the case-studies previously presented. A new set of values to be adopted in the seismic design of LFW buildings is proposed. 
Methods for the evaluation of the behaviour factor
The behaviour factor can be determined via numerical strategies by adopting non-linear dynamic (NLD) as well as non-linear static (NLS) procedures. When NLD procedures are adopted (Pozza et al. 2015; Ceccotti 2008; Pozza and Trutalli 2017 ) the seismic loading is simulated by ground motions and the q-factor is estimated as the ratio of the Peak Ground Accelerations (PGAs) at ultimate and at yield conditions.
When NLS procedures are adopted, two well-known methods are available. The first method, proposed by Fajfar in 1999 and 2000 (see Fajfar 1999 Fajfar 2000a) , is known in literature as N2 method. The behaviour factor evaluated by using this method depends on the building ductility and also on the characteristic period of the ground motion, i.e. the period that marks the transition between the constant acceleration and constant velocity branches of the spectrum. Rinaldin et al. (2017) have shown that the N2 method provides good results in evaluating the inelastic spectra for timber buildings while in Hummel et al. (2018) the N2 method has been successfully applied to CLT structures.
The second method, was proposed by Newmark and Hall (1982) and it has the advantage that the behaviour factor depends only on the building ductility. From here on this method will be referred to as NeH method. An experimentally based estimation of the q-factor of crosslaminated timber walls by means of the NeH method is reported in Pozza et al. (2016) .
The behaviour factor q that is used in seismic codes, is the product of two factors: the q D factor that accounts for the ductility of the structure (a.k.a. ductility factor) and the q R that accounts for the over-strength due to the structural redundancy (Fajfar 2000b ). The two factors are obtained by adopting an equivalent energy elastic-plastic (EEEP) method as shown in Fig. 12. where F el,max is the base shear that would be obtained from an elastic analysis; F el is the base shear when the first wall yields (it corresponds to F Y,sys in previous sections); F EEEP is the base shear determined by adopting an EEEP approach.
According to the N2 method, q D is to be evaluated as follows: where s is the ductility of the structure that is determined as the ratio between the ultimate displacement and the yield displacement obtained from an equivalent energy elastic-plastic curve derived from the capacity curve:
with Δ U the ultimate displacement and Δ EEEP the displacement marking the separation between the elastic-and the plastic-part in the EEEP curve; T * is the period of the equivalent SDOF system; T C is the transition period between the constant acceleration and constant velocity segments of the elastic response spectrum, depending on the ground types.
The NeH method provides instead the following equation:
FEMA P695 (2009) suggests an innovative methodology for quantifying system performance and response parameters in seismic design. The methodology allows to estimate the behaviour factor and the system over-strength factor of seismic-resistant structural typologies by means of nonlinear static analyses and nonlinear dynamic analyses. For the evaluation of the collapse condition, ground motions are systematically scaled similarly to the concept of incremental dynamic analysis (IDA), proposed by Vamvatsikos and Cornell (2002) . The FEMA (2009) procedure has been adopted by Amini et al. (2018) and Pei et al. (2013) to determine the behaviour factor of CLT buildings.
Behaviour q-factor values
In this study NLS procedures were adopted to determine the behaviour q-factor, by distinguishing the contribution related to the ductility capacity q D from the contribution due to the over-strength ratio OSR . Table 6 shows the q D values obtained according to the NeH and N2 methods. It is possible to note that for both procedures, the values of q D reduce when the number of storeys increases (similarly to what observed for the ductility values). It also worth remarking that the q D dispersion is smaller than the dispersion observed for the ductility values, especially for q D derived from the NeH method. Table 7 shows the mean and the lowest values obtained for the q factor. As concerns the N2 method, the values reported in the table represent the average of the values obtained for the different ground types. In general, an approximately linear correlation between q and the nail ductility can be observed for both methods. The adoption of the NeH method results in q values that are smaller than the values obtained from the N2 method (differences range between 5% and 30%).
The linear correlation between the behaviour factor and the nail ductility, can be represented by Eqs. (43) and (44) (mean values). It is worth reminding that the validity of the relations presented in Eqs. (43) and (44) is limited to systems where capacity design is adopted.
(45) q = 0.13 ⋅ Nails + 1.49 method NeH
In current version of Eurocode 8 (EN 1998 (EN -1, 2013 , an upper limit value of the behaviour q-factor equal to 5 is recommended for LFW structures with a minimum static ductility of the sheathing-to-framing connection equal to 6. The value of q reported in EC8 is hence higher than the mean values reported in Table 7 .
However, it is important to mention that the upper limit values reported in Eurocode 8 take into account an additional over-strength contribution due to all other sources (i.e. design overstrength factor) than the redistribution of seismic action in "redundant structures" that is represented by the OSR. Since this design overstrength factor can be assumed equal to 1.5 (this is the value of the behaviour q-factor that is suggested by Eurocode 8 when a global non-dissipative behaviour is considered for timber structures) and has not been directly included in the analysis, the proposed limit values for the q-factor may be obtained multiplying the values of Table 7 for 1.5, as reported in Table 8 . The nonlinear analyses were in fact carried out considering a design overstrength factor equal to 1, so that the nominal strength of the shear walls is equal to the design strength. Bearing that in mind, for a SHc ductility equal to 6, a mean value of the q-factor equal to 4.2 would be obtained by referring to the N2 method. For this reason, a value of 4 is suggested for LFW systems when a ductility of the sheathing-to-framing connection equal to 6 is achieved. 
Concluding remarks
In the present paper the non-linear static analysis of light timber-frame buildings was presented. The main goals of the research were: (1) evaluate the ductility level that LFW buildings can provide as a function of components ductility level; (2) propose a new set of values for the behaviour factor q to be used in seismic design. The entire study was carried out via parametric numerical study assuming an ideal elastic-perfectly plastic behaviour of the connections and it was based on the simplified mechanical model (SMM) presented in Casagrande et al. (2015a) .
In the first part of the paper, the analytical study of systems composed by coupled-walls was performed. It was shown that the post elastic behaviour is governed by the strength and the stiffness of the base components. The study was then extended to one-storey buildings. The analysis of a large set of randomly generated buildings demonstrated that failure mechanism and building ductility can only be controlled when a capacity design approach is adopted. It was also shown that collapse mechanisms involving hold-down failure should be avoided because they are characterized by small values of global ductility.
From the non-linear analysis of multi-storey walls it was observed that the wall ductility decreases as number of storeys increases. The study was then completed by analysing several multi-storey buildings obtained by varying the main parameters which influence the seismic behaviour of LFW buildings such as the plan layout, the number of storeys, the seismicity level and the ductility of the base components.
Two methods available in literature for evaluating the behaviour factor q were employed. The obtained values ranged from a minimum of 1.6 for nail ductility N = 4 to a maximum of 5.0 . for N = 14 , evidencing the strong influence of the ductility of the base-components over the behaviour factor. To further validate the applicability range of the findings presented herein, Incremental Dynamic non-linear (IDA) analyses will be carried out in the next future on representative case-study buildings designed according to the proposed q-values. Such analyses will also take into account the cyclic behaviour of connections, including the pinching effect and the strength degradation. 
